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Magnetization measurements, transmission electron microscopy (TEM), and
high-resolution micro-x-ray fluorescencg-KRF) using a synchrotron radiation source
(Advanced Photon Source) were used to examin®f-earticle agglomerates of

nominally 10-nm particles at low concentrations (down to 0.03%) in thick epoxy resin
samples. The magnetization measurements showed that at low concentrations (<0.5%)
the magnetite particles, although closely packed in the agglomerates, did not interact
magnetically. Predicated on ajdn sample step scan, the XRF results were

compatible with the presence of spherical agglomerates due to magnetostatic attraction,
and these ranged in size from 100 to several thousand nanometers, as observed in
TEM measurements. At smaller step scans the resolution could be significantly
improved. Thus, the synchrotqoa-XRF method was very useful in detecting very

small concentrations of particles in thick samples and could probably be used to detect
particles in amounts as low as 16 g.

[. INTRODUCTION Superparamagnetic-size (single domain) magnetite

A major trend in modern materials science and re|<,3ue(_{pa.rticles behave as individual dipoles. In an aqueous so-
fields is the fabrication, characterization, and applicatiofution they are free to move under the influence of ther-
of materials containing nanoscale particlésMuch of ~Mal agitation, and therefore, due to dipole-dipole
the work to date has been performed with relatively highnteractions, they tend to agglomerdtia any event, the
concentrations (>1 wt%) of such particles. At low con- dipoles tend to neytrqllze each oth'er.so that the resultant
centrations the interparticle distances become so lard€manent magnetization of the fluid is essentially Zero.
that it is difficult to find and focus on individual particles " ferrofluids, the particles are generally coated with a
or small agglomerates using a scanning electron micrg2Ufactant that, because of its thickness, establishes a
scope (SEM) or a transmission electron microscopdninimum mte_rpartlcle distance, and prevents interactions
(TEM). As there is no need to focus on individual par- (299lomeration) due to short-range van der Waals
ticles when making magnetic measurements, magnetiorces- At first glance, in the absence of a magnetic field
studies are useful in studying low concentrations of pari"€ magnetite particles in a water-based ferrofluid would
ticles, especially when coupled with other techniques. I?€_€xPected to be uniformly dispersed. However, as
this study commercial magnetite ferrofluids were used ag0inted out by Krueget,agglomeration has been ob-

a source of nanoscale f@, particles to prepare samples ser\lle? In f(;ﬂoﬁlmds in several types of er>1<per|ments, pfar-
at low concentrations. ticularly at high concentrations, even in the absence of an

external magnetic field. Commercial water-based ferro-
fluids typically have concentrations of about 20 wt%
Fe;0,, whereas kerosene-based ferrofluids have concen-

. o .
Present address: Rutgers University at Newark, Newark, Nev&ratlons of about 14% magnetite.

Jersey 07102. In this investigation ferrofluids containing small par-
bPresent address: MHATT-CAT APS, Argonne National Labora-ticles of magnetite (nominally 10 nm, but with a size
tory, Argonne, lllinois 60439. distribution of 2 to 30 nm) primarily at concentrations of
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less than 0.5 wt% were studied. A commercial waterdll. RESULTS
based ferrofluid was therefore diluted by mixing it with 5 geries of epoxy resin samples containing various
epoxy resin. In this way a stable suspension was 0bsgncentrations of magnetite were prepared. The UV-
tained, which could be used for subsequent studies. SuGfisihle measurements gave largely featureless spectra,
studies include magnetic measurements, MiCro-X-rayhich are characteristic of particle scattering. The trans-
fluorescence |(-XRF), and TEM. mittance gradually decreased with decreasing wave-
length, and the samples became opaque at the absorption
Il. EXPERIMENTAL edge around 320 nm. The predominant shape of the spec-
. tra was characterized of scattering by particles with sizes
The samples were prgpared by mixing known amountgmajjer than, or similar to, the wavelength range over
of an aqueous suspension of nominally 10-nm magnetitg hi-n these spectra were taken. XRD measurements on
partlc_les _(Ferroﬂwds Corp., Nashua, NH Cat. NO'.EMGsampIes with a high concentration of magnetite (approxi-
605) in bis-phenol-based epoxy matrix, using sonication, ey 5 wtos) confirmed that the predominant species in
to attain uniform dispersion, and then hardening the resig, . epoxy matrix was magnetite.
by means of a polyamine-based hardener. ltwas noted by | j5 hertinent to inquire whether the aggregates of
examination at 126x (o.p.tlcal Microscopy) Fhat n themagnetite contained water from the original ferrofluid.
cases of samples containing >0.5% magnetite, the Mage4ting the epoxy samples in a microwave oven did not
netite formed relatively large clumps. These clumps were._ ,ca any destruction or breakup of the aggregates. It
irregular but somewhat spheroidal in shape and consist as therefore tentatively concluded that there was no
of magnetite particles. These clumps were often sever ater present and that the spherical shape was due to
tens of microns across. Because the samples used in ”H?agnetostatic forces as suggested by Charetel®
study were at relatively low concentrations (<4%), large 11,4 magnetic properties of the loaded epoxy resin
clumps were not anticipated in light of the work by Pe- g, he5 were determined with the VSM both at room
terson and Kreuget.At zero field they found no evl- ¢ mperature and at liquid nitrogen temperature. Hyster-
dence of large agglomerates at high concentrations Qlgis curves determined for samples containingCGe
Fe;0,. To break up the water-based ferrofluid, which is oo centrations greater than about 1.5 wt% were some-
|mm|SC|t_)Ie V.V'th t'he epoxy, each S‘?‘mp'e was exppsed Qhat irregular and not typical of 10-nm particles or bulk
ultrasonic vibration fqr about 1 min befpre addition O.f magnetite. However, at lower concentrations smooth
Fhe hardener. To confirm the concentration of magnet't_%ysteresis curves were observed at a relatively low mag-
in the loaded epoxy, the samples were ashed and redigg i field (<5000 Aml). These curves were more typi-
solved in HCI! followed by the determination of the iron cal of hysteresis curves of 10-nm particles. For example
content using an inductively coupled plasma spectromz yyical curve for 0.39% magnetite in epoxy is shown in
eter (Perkin-Elmer Plasma 400, Norwalk, CT). In soni-giq 1 The irregular hystersis curves found at the higher
cated samples with <0.5% magnetite, no large clumpgy,centrations may be related to the results of Rosman
were observed. Instead, .the samples conf[alned SPheft 518 who found that at low concentrations the agglom-
cally shaped aggregates, i.e., groups of particles no larger
than 1-2pum across.

The excited fluroescence lines of the sample were o2 = : =
measured as the sample was scanned with a high-energy
x-ray beam University of Michigan-Howard University- ;

AT&T-Collective Access Team (MHATT-CAT) at the ord
Advanced Photon Facility, Argonne National Labora-
tory, Argonne, lllinois. :
The samples were further characterized by additionaf:
measurements. The transmission spectra of the samplés
in the ultraviolet (UV) and visible ranges were measureds
by means of a Perkin-Elmer Lambda 4 spectrophotom-"
eter. The magnetization of the samples was measured o1t

5
3.
s T S

mzkg
TPy

0+

 Smal

B,

“Bpzp
,
f

using a vibrating sample magnetometer (VSM). SEM 57

was performed using a JEOL 5300 (Tokyo, Japan) in- » j

strument with a primary beam voltage of 20 kV and ;

equipped with an energy-dispersive x-ray (EDX) spec- o 2x10° w ax10°
trometer using a Kevex SiLi detector (San Carlos, CA). Magnetic Field, Am”

The sampl_es were furt_her e_Xamined with a transmissioR|. 1. Hysteresis curve for 0.39% magnetite as aqueous globules in
electron microscope (Hitachi 8700-HU11, Tokyo, Japan).epoxy resin.
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erates tend to be two-dimensional, whereas at higheshown), the data fall on a straight line whére 167 for

concentrations the agglomerates start to develop a thre&-= 0, andH. = 0 for T = 576 K (the blocking tem-

dimensional or bulk structure. For example, a 3.4% magperature). From Eq. (1), the slojgof this line is [-10

netite epoxy sample, which showed abundant evidence ¢kKV)*?]/j., and therefore

clumping, as observed by scanning electron microscope,

also gave a very irregular hysteresis loop. p = 50K/S . 4
If there were no magnetic interactions between t.hqt can be shown that by dividing the total magnetic mo-

parucleg within the ggglomerates, there would be no N entin Eq. (4) by the saturation magnetizatioand the
crease in the coercive force due to packird there-

fore the coercive force would be a function of parti(:ledenSItyp of magnetite, the volume per particle of mag-

: : X ) netite can be estimated as
size only. The coercive force of small noninteracting par-

ticles is known to increase with particle silzoe up to a V = 50K/(cpS) . (5)
maximum value. For example, Ebisavwes al.™ found
that the coercive force of noninteracting magnetite parFor the sample in Fig. 1, and using= 92 A n?/kg and
ticles increased with particle size up to a maximum valugp = 5.18 g/cni for magnetite, one can calculate the
of about 200 Am* for particle sizes of about 5 nm or volume per particle tod5 x 10"’ cm®. Assuming that
greater. The coercive force for our loaded epoxy resirthe particles are spherical, this volume corresponds to a
samples ranged from 40 to 60 Af a relatively narrow  diameter of about 23 nm. Keeping in mind that coercive
range, with a mean value of about 51 AmThe nearly force goes up rapidly with particle si2&this is a rea-
constant value of the coercive force suggested that thgonable value.
particles were all about the same size. From the general In general, the saturation magnetization of the samples
shape of the coercive force versus particle-size curvest low concentrations increased linearly with the concen-
reported by Tanakat al.!' the particles in the resin tration of magnetite in the epoxy matrix. The individual
should be of the order of 10-20 nm, i.e., essentially thgoarticles were less than a single domain in size (super-
same size as that specified for the particles in thesparamagnetic), and therefore it appeared that there was
ferrofluids. little interaction of particles below a concentration of 0.5
For a given set of noninteracting subdomain size parto 1 wt%. Above this concentration, and for reasons de-
ticles, such as in the agglomerates in this study, the ccscribed above, there was no longer a regular relationship
ercive force of each particle is a function of the squarebetween magnetization and concentration, although in
root of the absolute temperatui@/?. The measured hys- general, the saturation magnetization increased as the
tersis curve is a summation of the magnetic properties ofoncentration increased.
all the particles. Qualitatively, the change with tempera- As noted above, relatively large elongated clumps of
ture can be seen in Fig. 1 showing the hysteresis curvemagnetite particles were observed with an optical micro-
for the 0.39% sample at 77 and 298 K. Bean and Liv-scope in samples containing more than 0.5% magnetite
ingstort? derived the following expression for the coer- but were not visible in samples of lower concentrations.

cive force of a sub-domain particle: Using an SEM, clumps of the order of 50m were
iy observed in the 2% samples, but no clumps were seen in
Ho = 2KV - [1 -5 (KT/KV)" /., (1) the 0.39% magnetite sample. This is consistent with the

where K is the magnetic anisotropy/ is the particle magnetic data. TEM measurements on thin sections of
volume, . is the magnetic momenf is the absolute the 0.39% and 0.03% samples showed the presence of

temperature, and k the Boltzmann constant. Based on thigh@ll particle agglomerates [see Figs. 2(a) and 2(b)]. A
relationship, Bean and Livingst&hshowed that at the typical low-concentration sample (<0.4%) observed with

onset of superparamagnetism and at temperatures beldy TEM contained a relatively large number of empty

the blocking temperaturd,, the coercive force becomes PuPbles produced by the ultrasonic agitation, and a rela-
zero. Thus tively small number of opaque agglomerates. By chang-

ing the focus, these agglomerates appeared to be roughly

KV = 25KTg . (2)  spherical and ranged in size from about 100 nm up to

1o , _ several thousand nanometers. The 10-25-nm particles

For a plot ofH, versusT™, the intercept atT = 0is  ypgerved in the present study were similar to those pre-
| = 2KVip . 3) viously reported:* However, the present study indicated

that these particles were much more loosely dispersed as
Candela and Hainé$have shown that for a size range shown by Rosensweitf. To shed some light on the mag-
distribution of superparamagnetic particles, a linear plonetostatic explanation, very fine dry ferrihydrite
is obtained, which verifies Egs. (1) and (2). If we pif  (Fe&HOg - 4H,0), a nonferromagnetic iron compound,

versus T2 for the sample shown in Fig. 1 (plot not was mixed in epoxy, sonicated, and hardened. Subse-
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by the lack of change in the coercive force when the
ferrofluids were incorporated into the epoxy. In the TEM
photograph of Fig. 2(a), the opaque inclusions are actu-
ally spherical agglomerates. There are two close-packed
agglomerates and also two regions containing only a few
particles. The particles appeared to be lying on a spheri-
cal surface such as the inside of a globule. From Figure
2(b) one can see that the individual particles in the ag-
glomerates are about 10—25 nm in size. The typical size
is around 20 nm. This observation is in good agreement
with the value deduced on the basis of applying Eq. (5)
4 R to the results of the magnetic measurements (see above).
RS ; Furthermore, the individual particles in the agglomerates
' are far enough apart to preclude any significant magnetic
interaction. No individual 10-nm particles were observed
outside of the boundary of the agglomerates. Again, the
observation of the subnanometer particle separation was
in good agreement with the conclusions of the magnetic
studies. From the nominal size of the individual particles
one can calculate their volume and mass. For the 0.39%
sample, we estimate abiob x 10 particles per cc. For

a full aggregate 1um in diameter, there would be about
10° particles per aggregate.

A study using similar concentrations of magnetite,
originally present in kerosene-based ferrofluid, also pro-
duced spherically-shaped aggregates in the epoxy,
strengthening the evidence for magnetostatic forces be-
ing the cause of the formation of spherical aggregates.

X-ray fluroescence experiments were carried out at the
MHATT-CAT Sector at the Advanced Photon Source
APS). A microfocus x-ray beam from an undulator
FIG. 2. TEM photographs of the agglomerates. Partially filled glob-5;rce was used to explore the effectiveness of using
ules are shown in (a), and at higher magpnification the individual mag- . s .
netite particles can be seen at (b). w-XRF in qharaf:terlzmg small particles present at low

concentrations in polymeric or glassy matrices. Two

typical small rectangles of the loaded epoxy resin

samples (0.39% and 0.03% magnetite), on which mag-
guent examination revealed the presence of empty ainetic studies have been made, were further studied by
bubbles and a few nonspherical agglomerates (probably-XRF using the APS synchrotron. The dimensions of
as a result of electrostatic forces). Following sonicationthe 0.39% and 0.03% magnetite samples were 2.71 x
the water disappeared during the hardening stage, pro2-13 x 7.33 mm and 3.13 x 3.16 x 4.96 mm, respectively.
ably by diffusion into the epoxy. Therefore, in the case ofThe two samples were placed side by side in the sample
the magnetite dispersions the magnetostatic forces prdrolder with the 0.03% sample on the left and the 0.39%
duced the spherical agglomerates of magnetite particlesample on the right. Using a Newport PM-500 motion
while still in the aqueous phase. After and duringcontroller the combined samples were scanned in the
the hardening stage the water was displaced by epoxydirection along the 2.71- and 3.13-mm sides, respec-
and the magnetite agglomerates maintained theitively. The x-ray beam (white radiation) had a spot size
spherical shape. 1.2 um wide and 2.5.m high, i.e., slightly smaller than

One also needs to consider the fate of the surfactarihat reported by Lechtenbeeg al."> An Amptek 13 mng
initially present in the aqueous dispersion. As the surfacsolid-state detector (Stafford, TX) was used to measure
tant effectively kept the individual particles separated inthe fluorescent radiation. About 400 discrete data points
water, magnetic particle interaction was small, and thg€about 20um apart) were recorded across each spectrum.
coercive force was relatively low. During incorporation Data for each point were typically collected for 20 s by
of the ferrofluid into the epoxy, the surfactant appearedielaying subsequent steps. The detector was gated and
to remain on the surface of the magnetite particles, andleared between steps. Figure 3(a) shows a single scan
kept the individual particles separated. This was evidentor both samples (contact between samples is at 6200

(b)
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I S AR AR AR RARRLLRLE L the peaks observed in the-XRF spectra. In samples
12005 t _ with ma_gnetite concentrations below 0.5% r_na_gnetite, the
3 E magnetic measurements showed that the individual par-
ticles within an aggregate did not interact with one an-
E other (see above). The separation among particles could
E be clearly seen in the TEM photographs. Care must be
exercised in the determination of the size of the aggre-
gates observed by the XRF method, since the radiation
completely penetrates the sample, and aggregates at dif-
E ferent depths in the sample may be observed simulta-
, ! Al neously. From Fig. 3(c) it appears that most of the peaks
ety L .‘ in the filtered spectrum fall into two categories, namely,
@) 2000 2000 000 8000 10000 the narrowest peaks with a base of abouirid, and the
1 T T [ e e e rest with considerably wider bases. The narrowest peaks
probably correspond to single aggregates, whereas the
wider peaks may be caused by a combination of aggre-
gates at various depths. As expected, the base of the
narrowest peaks are larger than any of the aggregates
observed by TEM. This is due to the size of the beam and
dispersion of the x-rays in the sample. Thus, th&RF
method may appear to yield aggregate sizes larger than
the actual size, but the size could be consistent with the
TEM results when corrected for beam size and dispersion
] - 1 effects.
Y ST FTTUITURE PPITTRIIRE ORI OT Alternatively, the peaks can be analyzed in terms of
(b) 6800 6900 7000 7100 7200 the total counts. For example, the peak at about 4080
1a00f LTI TE R TTETETTTS [Fig. 3(c)] has a width of about 2Q.m, and has about
1100 counts. For this size range the beam size and dis-
1200 E persion effects should be negligible and can be compared
2 E to the smallest peaks of about 50 counts. Thus, by pro-
: E portion the smallest peaks in the spectrum [Fig. 3(c)]
3 E correspond to an agglomerate diameter of the order of 1
ool 3 pm (1000 nm). This estimate, of course, assumes that a
3 3 single aggregate is being observed, and could be mis-
E leading if there are additional overlapping particle aggre-
3 gates at different depths in the sample. The broader peaks
OLLU!IUMLI in Fig. 3(c) are undoubtedly due to overlapping of the
(c) 3800 3900 4000 4100 s200  Signals of one or more aggregates at a certain depth with
additional signals due to the presence of further aggre-
gates deeper in the sample. Considering that the results
FIG. 3. (a) Fluorescence as a function of position for the 0.03% (leftobtained in this study were obtained with a single detec-
of 6200 um) and the 0.39% (right of 620fm) magnetite (epoxy  tor and considering the small x-ray detection angle sub-
samples) using 200 scan points. (b) Expanded portion of the S'O.ec"ugbnded larger and/or multiple detectors should be able to
of the 0.39% magnetite/epoxy sample only. (c) Expanded portion o ! . .
examine aggregates or single particles down to the order

the spectrum of the 0.03% magnetite/epoxy sample with a discrimi-
natory level set to filter out background noise. of 0.01 wm (10 nm) or better.
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wm) and Figs. 3(b) and 3(c) are subsequent scans (in lé(' DISCUSSION AND CONCLUSIONS
different position) for each sample on an expanded scale. A water-based ferrofluid was used as a source of small
The difference in concentration is evident from the num-magnetite particles (10 nm); it was loaded into epoxy
ber of peaks in each sample in Fig. 3(a). The spectrum iresin as an aqueous slurry, dispersed ultrasonically, and
Fig. 3(c) is the best of the three spectra, as some of thiéénally hardened with a catalyst. TEM observations
background interference was filtered out. showed that in samples with magnetite concentrations
Clearly, the TEM photographs showed that aggregateelow 0.5%, individual magnetite particles, 10-25 nmin
of magnetite particles were formed, which correspond taliameter, formed mainly close-packed aggregates. Mag-

2492 J. Mater. Res., Vol. 15, No. 11, Nov 2000



A.N. Thorpe et al.: Magnetization, p-XRF, and TEM studies of low concentrations of nanoscale Fe;O, particles in epoxy resin

netization measurements confirmed that (i) the particlesharacterized by TEM. Because of the capability of the
were close to an average diameter of approximately 2Q.-XRF to detect small concentrations of particles in
nm; (ii) the particles within each aggregate were sepathick opaque samples, the absolute detection limit pro-
rated from one another and did not interact magneticallyyided by the method is extremely low, and is abouit*f0
and (iii) at high concentrations the hysteresis curves wergrams:’ The results of these experiments, using various
erratic. The TEM and magnetic data, in agreement withdirect-observation techniques to study the magnetite/
the results of SEM an@.-XRF measurements, indicated epoxy nanodispersions, confirm the conclusions based on
that the spherical agglomerates at low concentrationthe magnetic measurements.
were probably close packed and confined to the space of
the original aqueous globule (with the water subse-
quently removed and replaced by the epoxy). On th'CKNOWLEDGMENTS
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